
11

AD-787 288

THE INFLUENCE OF SIMULTANEOUS AND
SEQUENTIAL DISPLA Y MODES ON HUMAN
INFORMATION-TRANSFER BEHAVIOR

Eckehard Behr

Human Engineering Laboratory
Aberdeen Proving Ground, Maryland

August 1974

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151



SECURITY CLASSIFICATION OF THIS PAGE (*7oen Date Eneired)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONSREPORT DCMBEFORE COMPLETING FORM
I REPORT NUMBER ". 3OVT ACCESSION NO. 3 RECIPIENT'S CATALOG NUMBCR

____
4. TITLE (andSubltle) S. TYPE OF REPORT 8 PERIOO COVERED

THE INFLUENCE OF SIMULTANEOUS AND
SEQUENTIAL DISPLAY MODES ON HUMAN Final
INFORMATION TRANSFER BEHAVIOR 6 PERFORMING ORG. REPORT NUMBER

7 AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(O)

Ec['ehard Behr

9 PERFORMING ORGANIZATION NAI.E AND AonRESS Io PROGRAM ELEMENT. PROJECT. TASK
AREA 8 WORK UNIT NUMSERSU. S. Army Human Engineering Laboratory

Aberdeen Proving Ground, Marvand 21005

I -ONTROLLING OFFICE NAME AND ADDRESS 12 REPORT OATS

August 1974
I NUMEER OF PAGES

P-/7
14 MI)NITORING AGENCY NAME 6 AODRESS[II dlffe-ent !rom Controlling Office) IS SECURIi v CLASS. (of this report)

Unclassified

IS& OECLASSIFICATION'DOWNGRADING
SCHEOULE

16 DISTRIBU-TICN STATEMENT (of this Report)

Approved for nubllc release; distribution unlimited.

'7 (ISTRIBUTION STATEMENT (of the Abstract entered In Block 20. Ii different Irom Report)

16 SUPPLEMENTARY NOTES

19 KEY wOROS FCo,nnv on teverte side f nrceqrs end Identtly by block number)

Display Modes Transfer Tasks
Human Information Transfer R havior
Sequential Presentation Human Factors Engineering
Simultaneous Presentation
Short.Term Memory

Z1 ABSTRACT fContlnue nn reverac side If necessary and Identtf s by block number'

This experiment investigated how two disolav modes affect human information-transfer
performance. Subjects lead test numbers from a cathode-ray tube and entered them Into a
keyboard. The numbers appeared either one digit after another (seauentially) or all digits at
once (simultaneously). There were three number-lengths (four, six, and eight digits) and three
exposure times (100, 500, and 1000 msec.i. Performance was evaluated from errors and
response times, and subjects' transfer strategies were examined.

(See reverse side)

.- ORM

DD IJN7 1473 EDITION OF I NOV65 IS OSOLETE
1 CLASSIFICNTIO OF T PAGE ("on DataSECURITY CLASSIF'ICATION OF T).IS PAGE fIWen Data frntet,'m')



. + .; _ - - = '- ' '.,='>1 =-, o :- - '- - - = ..... . t. + + . .

SECURITY CLASSIFICATION OF THIS PAGE(I4he:, Dfta .nfered)

20. Abstract

Simultaneous displays transferred digits more effectively than sentiential ones. Performance
was better with shorter numbers or longer exposure times. Subjects transferred only four to
five digits accurately, and only when the exposure time was 500 msec. or longer. Their channel
capacity approximated 13 bits.

A

--I_ ______________ ?-IS ____ _Dei



I,

Destroy this report when no !ongqr needed.
Dr not return it to the originat.

Thc findin ; in this 'port are riot to be cnstruea as an official Department of the
/ my position unless so designated by other authorized documents.

ULi of trade names i this report does not constitute an official endorsement
or 3pproval of the us. of such commercial products.

/I,1



AMCMIS Code 612106.11.81900 Technical Memorandum 18-74

THE INFLUENCE OF SIMULTANEOUS AND SEQUENTIAL DISPLAY

MODES ON HUMAN INFORMATION-TRANSFER BEHAVIOR

Eckehard Behr

August 1974

A P P R OhV rn .. .' .d N .WEISZ -""-
Iirector
U. S. Army Human Engineering Laboratory

U. S. ARMY HUMAN ENGINEERING LABORATORY
Aberdeen Proving Ground, Maryland

Appro*d t tl o p'ihhL L '.'i

/1 rblto I'isnt



CONTENTS

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

T iEORETICAL REMARKS .......... ...................... 5

PILOT STUDIES ............. ............................. 6

RESULTS OF THE PILOT STUDIES ......... .................. 6

Absolute Performance .......... ........................ 6
Relative Performance ........... ................... 8

CONCLUSIONS OF THE PILOT STUDY ....... ............... 8

MAIN EXPERIMENT ........... .......................... ... 11

DISPLAY MODE .......... .......................... ... 11
NUMBER LENGTH .......... ......................... ... 12
EXPOSURE TIME ............ .......................... 12
PERFORMANCE CRITERIA ........ ..................... ... 12
VISUAL RESPONSE TIME ......... ...................... .. 13
MANUAL RESPONSE TIME ......... ...................... .. 13
METHOD ........... ............................. ... 13

Subjects ............. ............................. 13

Apparatus ........... ............................ .. 13

RESULTS ............ ............................ ... 17

Absolute Versus Relative Performance ....................... .. 22
Visual Response Times ......... ...................... .. 25
Manual Response Times .............................. ... 28
Error Categories .................................. .. 31
Evaluation in Terms of Information Theory ....... ............... 36

CONCLUSIONS .......... ........................... .. 40

REFERENCES .......... ......................... . . . 42

FIGURES

1. Ahsolute Performance During Pilot Study- Average Percentage of Completely
SCurrect Responses for Each Exposure Time and Number Length ........... 7

2., Relative Performance During Pilot Study--Average Percentage of Correct Digits

for Each Exposure Time and Number Length .. ..... ...... .

3. Test Eauipment ............ .......................... 14

4. Simple Display of Eight-Digit Number, Illustrating Number Style ... ....... 15

5. Subject's Response Keyboard inAngled Stand ....... .............. 15



6. Experime,-ter's Console Disl)liying Stimulus Number and Subject's Response 16

7. Absolute Performance: Errors for Each Exposure Time, Number Length, and
Disp!ay Mode ........... ........................... 18

8. Relative Performance: Percentage of Correct Digits for Each Combination
of Exposure Times, Number Lengths, and Display Modes ...... 19

9. Visual Response Times for Each Combination of Exposure Tnies, Display
Modes, and Number Lengths ........ ..................... ... 27

10. Manual Response Times for Each Combination of Exposure Times, Display Modes,
and Number Lengths .......... ........................ .. 27

11. Classification of Types of Errors for 100-Msec. Exposure Time, By Number
Lengths and Display Modes ....... ..................... ... 33

12. Classification of Types of Errors for 500.Msec. Exposure Time, By Number
Lengths and Display Modes ........ ..................... ... 34

13. Classification of Types of Errors for 100-Msec. Exposure Time, By Number
Lengths and Display Modes .... . ................ . 35

14. Relationships Between Input Rates and Output Rates, in Bits, for
Simultaneous and SerqL ential Modes ....... .................. .. 38

15. Relationships Between Input Rates and Output Rates, in Bits, for Each
Combination of Exposure Times and Modes ....... ............... 39

TABLES

1. Absolute and Relative Performance Measures for Reciting Task in Pilot Study 10

2. Anal /sis of Variance: Relative Performance ..... ............... ... 21

3. Relative Performance for Keying Task: Differences Between Simultaneous
and Sequential Modes ......... ....................... ... 22

4. Absolute and Relative Performance Measures for Keying Task: Percentage
of Completely Correct Numbers, and Percentage of Correct Digits ....... 23

5. Visual Response Times (Msec) for Keying Task ..... .............. .. 26

6. Analysis of Variance: Visual Response Times ..... ............... ... 26

/. IvIdlUdi VI Rebpo be Times (rvisec.) i(:r Keyng Tisk .... . . . .......... 28

8. Analysis of Variance: Manual Response Times .... .......... 30

9. Analysis ot Types of Errors, By D splay Modes, Number Lengths, and
ExposQure Times .. . .. . . . . .. .. ................... 32

10. Qualitative Output: A,.erage Number of Correct Digits . . . . . . . . .. . 37

2_.



THE INFLUENCE OF SIMULTANEOUS AND SEQUENTIAL DISPLAY

MODES ON HUMAN INFORMATION TRANSFER BEHAVIOR

INTRODUCTION

There have already been many meaningful approaches to investigate the unanswered
questions in the field of human information input, processing and transfer. Even so, human
factors engineers still confront difficult problems in choosing the best display modality for
presenting information. Computers nowadays become increasingly integrated into modern
technology. Accordingly, human factors research is focussing more and more on the respective
interactions and interfaces of the human operator and the computer. In designing computer
displays, input devices like keyboards become critical links in inputting and transferring
information. Unless display modalities are designed with sufficient care, they can degrade the
performance of the whole man-machine system; poorly designed displays can be as inefficient as
an incompatible or disordered keyboard.

Often we overestimate human performance limits and human mental capacity, particularly
when certain levels are required to match the computer's capabilities. When we do, the whole
system can hardly achieve the reliability that is required. To optimize the man-computer system,
we must assign tasks to the man only when his capacity is superior to the computer's. We must
avoid requiring t0e man to perform tasks when his abilities are obviously inferior to the
computer's, or v.' ' the display modalities are not fitted to the man's limited perceptual
abilities. To achiev optimal information transfer, any screen or device that displays information
to the human opera~or must meet a very basic requirement: the information must be presented in
a form that can be assimilated by the limited range of man's physiological and psychologica!
abilities.

In spite of wide-ranging automation, there are still many situations where automation
cannot replace man as a link in data processing. Sometimes the man must do tasks even though
he does not perform them very efficiently; he remains the weakest link within this chain. One
such task is manually feeding data into a computer system. Data cannot always be entered
automatically. Usually these data are not generated by the operator himself; he must acquire
them from elsewhere, either from displays, or from lists, or from other information sources.
Although the man often has to process these data - decoding them, or selecting particular data
from a complex array - many tasks involve a simple transfer.

The present experiment will study these transfer tasks, investigatinq input strategies and
transfer behavior. In this case, transfer will mean immediately removing or shifting information
from one medium to another. The operator's task will require reading the data that are presented
and then, without processing them, immediately keying the data into th, computer. The operator
may have to store the data -hold them in his memory- while he is keying them. This kind of
transfer process usually demands both speed and accuracy, so the criteria for evaluating
performance will be both entry time, on the one ha-id, and errors, on the other hand. If the
displayed data are ertered very rapidly, the operator's processing may merely involve transfer.
However, slower responses may verge on times that require short-term memory as well, under
certain conditions.
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The subject's task will probably require a combination of both memory and pe,:eptual

processes. With full recognition of the very complex nature of perceptual as well as mnemonic

processes, the following discussion attempts to deal with these complex interactions in simplified
term., so they can be investigated experimentally.

Following the conventional distinction, we will differentiate two sorts of human memory.
The long-term memory means storing information indefinitely, for protracted periods of time.
But when information is stored only briefly, for between a fraction of a second and a few
seconds, the process is called short-term memory.

As a matter of fact, memory or storage ability is not the most reliable feature of human
performanc',. The man's storage ability cannot compete successfully with a computer's. When
men must serve as important storag2 links in the man-computer system, they will always degrade
the whole system's reliability.

So if humans must unavoidably be assigned tasks involving long-term or short-term memory,
there should be some provision for helping the operator do what his task requires. This means
that all displays should be designed to transmit information as effectively as possible, in the
aptimum modalities and arrangements, and that the computer's entry devices should also be
optimized. The entry devices themselves as essential parts of the man-computer system,
obviously demand thoughtful consideration; however, this area is beyond the scope of the
present investigation.

The more carefully information displays are arranged, and the more closely these
arrangemp.nts are fitted to human perceptual abilities, the better the whole system's output will
be. Although this aim may sound obvious, our understanding of the best ways to arrange and
display information is still far from complete.

As pointed out before, trar.-er processes usually require high speed. This demand highlights
the necessity for an optimal d.-iiy modality. Consequently, the present investigation aims to
determine whether certain par,;cul.ir ways of displaying information are superior to others.
Evaluating the different display modes implies measuring subjects' (Ss') performance while using
display modes as the independent variable. That, ;n turn, means that the Ss' performance in
different modes should first be analyzed, then quantified and evaluated. These measurements of
output with different display modes should indicate the best way of arranging informatior on the
display. Regarding the pos.-'ble strategies Ss might apply, it is fundamental to know how
extensively these simple t- isfe, tasks will involve human short-term memory. How efficiently
information can be transferred will essentially depend on how long it must be stored between
perception and completing the keying action.

By now we know that, the longer information must be sto-ed-and the more storage is
disturbed by noise or other tasks-the more the output will deteriorate.

The present investigation, then, attempts to determine whether it is possible to shorten
storage time-and thus to reduce errors--by modifying the display modality.

4



THEORETICAL REMARKS

Theories about short-term memory deserve at least brief review, as background for
unCarstanding the implications that simple transfer and short term memory have for disp!ay
modes. The recent literature proposes a variety of ways to interpret the operator's errors. These
interpretations usually make assumptions about the strategy an individual uses to deal with this
kind of information.

Among others, Brown (1959) and Crossman (1960) report that, when an individual stores
information in thn short-term memory, he is really storing both items of informatiGn and their
order. Yet, as Conrad (1965) points out, item and order information are not absolutely
indepenuent. In presenting his somewhat simplified model, Conrad states that there is a fixed
input order, which is encoded only by the properties of individual items. He concludes that
memory models do not imperatively "need a mechanism which could transpose the order of
items in storage". Conrad points out that, in tasks fully involving the short-term memory,
information is retrieved from the store in the same order as it was entered.

Generally, Conrad (1965) concludes that any mistake is somehow caused by a masking or
disturbing process. These Interfering processes presumably occur somewhere between the
perception (i.e., entering data to the memory) and "etrieval trom the memory. In a more
elaborate model, the author assumes a specified number of boxes which represent the serial
positions of the different items in a message. According to Conrad, thle items enter the boxes in
order of their perception. When the S recalls, he simply picks out the contents of the dirferert
boxes, starting anywhere in the sequence.

The contents of the different boxes are not interchangeable. Conrad indicates that the
probability of correct recall depends on several factors: the number of boxes to be read, the
signal-to-noise ratio within each box, and the discriminability of the items in the store.
Probability of correct recall does not seem to depend on how large the vocabulary i', or on the
amount of "order information" the sequence contains. Various studies--such as Conrad and Hull
(1968), Burrows (1972), and Murdock (1968)-have shown that varying display modal.ties, such
as visual versus audible, can have a considerable effect on retrieval. However, this ren, rt will
consider only the visual modality.

Some authors evidently explain short term storage ,n terms of auditory (or even semantic)
encoding principles. Craik (1968) and Baddeley (1966) attribute retention errors to acoustical
confounding, much as Conrad (1964) does. These authors propose a theory to relate short-term
and long-term memory. It pictures tihe individual first retrieving niormation from the short-term
store, which has limited capacity and codes items acoustically. Afterwards, he checks the relevant
areas of the long-term memory, which has different storage charactersticq based partly on
semantic coding. The short-term memory Is desribed as highlv sensitive to acoustical
confusion- artim,lrh, ,h ther ,,- ........... "".. ... ..... , o ddieiey, i968), anl even if the
information is displayed visually.

Integrating the various findings leads to a more detailed, functional theory wirh input,
storage, and retrieval elements. Modifying Norrnan's (1966) model slightly, there are three
distinguishable steps:

1. Acquisition describes the initial strength of items in the mrnmor y It depends heavily
on mode of presentation, exposure time, and rate and amount of information. Coding mode must
also be related to acquisition.
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2. Retention means the rate et which information in the memory is lost. Deterioration
of the memory trace seems to depend on activities during the storage period, as well as on
environmental noise, and on 3ll of the events transpiring between presenting the critical item and
recalling it.

3. Retrieval refers to the strategy the subject uses to draw on memory traces and select
a response. Retrieval probably depends oil how much the retrieval cues are overloaded, since they
must be discriminable and memorabl. ,t the same time.

All of this discussion leads inescapably to a single conclusion: the faster an
informaticn-trai,.sfer transaction is completed- that is, the less time there is between displaying a
message to a subject and asking him to reproduce it-the less errors he will make. In terms of
memory, this means '.hat lightening a transfer task's reliance on memory reduces the
opportunities for malfunc(;oning storage elements to cause errors.

Some preliminary investigations minimized the role of memory by using the fitest lesponse
possible: reading numbers from a display, and immediately reciting them aloud.

PILOT STUDIES

A simnle experiment was condujted to evaluate the S's ability to transfer information in a
very simple mode. It attempted to determine the limits of the S's ability by simply having him
read alou~d numbers of various lengths, which were displayed on a cathode-ray tube (CRT) for
different exposure t:mes. The numbers displayed had four, six, or eight digits, and they were
displayed for 500 and 1000 milliseconds (msec.), with off-times of five seconds between
numbers. The Ss' verbal responses were recorded on magnetic tape. The display program was
controlled by a conmputer, Unlike the main experiment to be described later, this pilot study did
riot require any major sensorimotor coordinative task. No delay of any kind was imposed on the
S's response; as soon as the S perceived the information from the display, he could begin speaking
it immediately, thus minimizing storage time.

RESULTS OF THE PILOT STUDIES

Absolute P .rformance

Errors were used as a rough qualitative criterion. Each time the S failed to read the
disolaved number correc'ly. he st.oecl an frr,r

The first ii,lependent variable exposure time-produced a considerable and highly
significant effect on performance. Regardless of number of digits, Ss made many fewer
errors when the numbers were presented for 1000 msec., than when they were shown for
only 500 msec. (Figure 1).

6
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The other independent variable-number length-also had an important effect on
performance. All Ss responded correctly when they saw four-digit numbers for 1000 msec.
Even with the 500-mscz. exposure time, they made only very few errors. The interaction
between the two independent variables was more apparent with the six-digit numbers. When
these numbers were shown for 1000 msec., Ss made only 1.5 percent errors. But with the
500-msec. exposure time, they made considerably more errors (8.9%). The difference. was
even more pronounced with the eight-digit numbers: 27.3 percent errors for the longer
exposures, nearly tripling to 73.3 percent with the shorter exposure-time.

Relative Performance

To allow more precise measurement of how well the Ss dealt with these simple
information t: ansfers, the Ss' responses were then scored on a graduated performance scale.
Instead of scoring each number in an all-or-none fashion, each digit was scored separately.
This procedure gave each S's total number of correct digits, which was then converted to a
percentage (Figure 2), and called relative performance. These data show that the Ss
achieved a relatively high level of correct responses for the four-digit and six-digit numbers
w'th long exposures, and for the four-digit numbers with the 500-msec. exposure.

Because relative scoring allowu, partial credit for numbers that absolute scoring would
call completely incorrect, relative scores are usually higher than absolute scores. For
example, with eight-digit numbers and the short exposure time, Ss averaged only 26.8
percent absolutely correct, but 77.5 percent rel' tively correct. The same sort of difference
appears with the long exposure time. Larger differences between relative and absolute
percentage; ire mostly (but not entirely) due to incomplete answers.

CONCLUSIONS OF THE PILOT STUDY

Because differences between relative and absolute per,;entages (Table 1) seem to reflect
urnitted digits, abrupt increases in these differences suggest a discontinuity where difficulty
increases suddenly. Under the comparatively simple modes of these Yest conditiorns, there seems
te be a threshold in number lengths, below which Ss tend to respond correctly, but beyornd
which they make relatively many errors. The data from the pilot study, seem to indicate that this
threshold level averages about six Jigits when Ss read numbers from a display and recite them
immediately, with minimal reliance on storage in memory.

There is likewise a strong indication that 1000 msec. of exposure is sufficient to transfer
that much information. Both four-digit and six-digit numbers are repeated almost 100 percent
correctly with the 1000-msec. exposure time. The shorter exposure time d '-s degrade accuracy,
however; at 500-msec. exposure, iusponses to the six-digit numbers were only 91.1 percent
correct. It seems even clearer- that 500 msec. is too short an exposure to transfer an eight--digit
number correctly. On the avIerage, only about six of the eight numbers-77.5 percent-were
spoken correctly. Doubling the exposure time to 1000 msec. seemingly allowed Ss to transfer an
average of one more digit correctly (85.9 percent of the eight digitst.
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An analysis of types .)f errors generally confirms the Ss' difficulty in reciting rumbers longer
than six digits. Most of the errors were termed "cuts"-omitting one or more digits, typically the
last four. These errors may indicate the S's strategy was to be as correct as possible in repeating as
much of the number as he could. Thus S may have simply ignored digits they knew they could
not deal with or store. The next most frequent category of errors was "subs," in which Ss
substituted an incorrect digit for the right one. Other errors included inversions ("inv") which
changed the sequence of two or more digits; skips ("skp") that omitted a digit within the
number; and comb;nations of errors, or multiple errors. All of these latter errors-substitutions,
inversions, skips, and multiple errors-probably indicate that the Ss tried to cope with the task
without following any particular strategy.

One of the pilot study's most interesting results, however, concerned changes in the way Ss
recited numbers. The Ss used very individual ways of grouping digits when reading numbers.
Some Ss always read digits singly. Others came to speak in groups of two, or alternated between
giving digits singly and in groups of two. However, none of the Ss recited digits in groups of
three. One particular effect seemed meaningfully related to stress. Whenever the test situation
became more stressful-because of longer numbers, or shortei exposure time, or especially with
the combination of both-the Ss seemed to shift over to reciting numbers singly. This effect
provided one basis for the imain investigation's hypothesis.

TABLE 1

Absolute and Relative Performance Measures for
Reciting Task in Pilot Study

500 msec. 1000 msec.
Measure 4digit 6-digit 8digit 4-digit 6-digit 8-digit

Absolute:
Numbers
Completely 99.5% 91.1% 26.8% 100.0% 98.5% 72.7%

Correct

Relative:
Digits
Correct 99.0% 96.5% 77.5% 100.0% 99.0% 85.9%

Difference 0.5% 5.4% 50.7% 0.0% 0.5% 13.2%

10



MAIN EXPERIMENT

The pilot study had investigated the fastest sort of response that could ?e made in a simple
transfer task. The main experimer.t then progressed to studying a more realistic response: having
Ss enter the displayed information into a keyboard. It attempted to answer the question of
whether transfer is affected when a manual keying response prolongs transfer/storage times.

It t as been indicated previously that this experiment simulates real tasks where human
operators have to read information from a list or a CRT, and enter it into keyboards.
Consequertly, the main experiment evaluated whether different display modes affect transfer,
and, if so, which dispiay mode fosters the best transfer behavior.

This test aims to improve the conditions for human transfer performance, by finding how
three display variable: limit human information processing.

DISPLAY MODE

In terms of input variables, transfer behavior dependb heavily on basic physical factors such
as brightness level, contrast, character shape, and size. On the otho. hand, factors like exposure
duration, grouping of information, and density of information-to mention only a few-affect the
individual's psychological abil'(y to cope. Basically it is true that information displays must be
consistent with human sensory abilities, both physiologically and psychologically, before they
can be processed further.

One way to improve transfer and storage performance is, presumably, "preparing" the
information for entry into the memory. Information should be nresented in directly usable form,
minimizing requirements for Ss to decode it before entering it into the memory.

The pilot study had established that, under difficult conditions, such as time stress in
number-telling tasks, Ss typica'ly shifted to speaking numbers singly. Under less-trying
conditions, the Ss usually gave more two-digit groups. For example, a low-stress S giving an
eight-digit number might read a two-digit group, a singie digit, two more two-digit groups, and a
final single digit.

From observing these behaviors, it appears that the way digits are grouped, or "chunked,"
has important effects on transferring them. However, it is not yet clear which grouping would be
the most effective. It seems reasonable to speculate that Ss would transfer information more
efficier.ly if the displayed numbers could be grouped as Ss would group them when reciting
them Thus, preprocessing the digits by grouping them-whether temporally, or by spacing, or

.... . . .. ... .: 't ... I : l.. .... . nsf$ r, rc1.-,I ; n,, the,- S of, u* n=-ss~r w to'rk, and:•
IGvvI uy i)Uu!l l lt.la Jb I~*mmit~l VYC,

l 
alllipllmy illOG t, (Oll~ttO, * tOlYll Ofl I'tO. . . . . . .7I~VV VV T *,V'' --

thus improving his output. But while enforcing a particular sort of grouping should enhance
performance if digits were grootped properly, it is also quite possible that unfortunate groupings
could degrade performance. On the other har.j, iz seems noteworthy that stressed Ss tended to
abandon grouping entirely, retreating to handling each digit individually. This finding may
indicate that single digits constitute the simplest or most primitive grouping. Clearly, too little is
known about the effects of grouping, and the first step in understanding it is demonstrating
whether or not grouping affects transfer significantly.
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To assess the effect of grouping in its most elementary form, the main experiment compared
only two modes-one which imposed a form of grouping on the Ss, and another which did not.
The first mode displayed test numbers one digit at a time, in sequence; it is called the sequential I
mode The other mode, termed the simultaneous mode, followed the more-usual practice of
showing all the digits at once.

NUMBER LENGTH

The literature provides a wide variety of data about human ability to handle information.
Various results show that the upper limit of short-term storanie capacity is approximately eight
d:gits. Eight digits have therefore been established as the greatest number length to be displayed.
To find out how transfer depends on the amount of information to be transferred, Ss were also
asked to transfer six-digit numbers and four-digit numbers.

EXPOSURE TIME

In the traditional sense, performance must always be defined in terms of the times involved.
The main experiment varied esposure times, to estimate how much time Ss need to store
information for processing. It used th ee .xposure times-100, 500, and 1000 msec.--to assess the
shortest time needed to store defined amounts of information.

To equate innut conditions for the simultaneous and semintial modes, both modes must
present the same density of information: that is, the same exposure time per digit. The amount
of information displayed pvr unit time must be the same for both modes. Thus, presenting one
digit for a very short timc is eouivalent to displaying more digits for a longer time. For instance,
showing four digits for 100 msec. represents the same information density as displaying a single
digit for 25 msec.

PERFORMANCE CRITERIA

It is always difficult to measure and evaluate human mental performance. Since purely
physical measures are not applicable, the experimenter must develop a more-or-less arbitrary
approximdtion which takes both (quantity and quality into account. As in the pilot study, the
main experiment used both absolute and relative criteria. The absolote measure reflected, once
again, how many numbers were entered completely correctly. The relative measure, expressed as
the percentage of all displayed digits that were keyed correctly, compared the S's performance
with perfect transfer. Effectiveness of transfer can then be evaluated by correlating these
p;ercentaqes with the respective exoosure times

12



VISUAL RESPONSE TIME

Partitioning the various components of total response time should reveal clues to the
strategies that Ss use to tackle transfer tasks. Visual response time would appear to be one of the
most important mrasures; it indicatus the time required for all mental coordination that prepares
the message for in. * to the transfer process, including perception. The visua: response time was
approximated by mai :uring the time between when a number is first dispiayed and when the S
makes his first keying response. These visual response times were later used to explore the
strategies Ss used under the different test conditions.

MANLAL RESPONSE "A M

This term. used in a special sense, estimates the time Ss needed only to enter numbers in the
keyboard. Manual response time is the time between keying the first digit and pressing the
"Ready" key to end the trial. Thus these manual response times measured how long Ss took to
enter the second through final digits. If a S had forgotten to press the "Ready" key after
completing his entry, the computer program would have ended the triai 15 seconds after the
display first appeared; in fact, the experimenter's observations showed that Ss always finished
their responses and pressed the "Ready" key before this time limit expired. These manual
response times, as a meaningful fraction of the total response times, afforded an additional
opportunity to relate experimental conditions to transfer behavior.

METHOD

Subjects

The 22 Ss (4 female, 18 males) were technical and clerical employees of the U. S. Army
Human Engineering Laboratory. Their ages ranged between 20 and 45.

Apparatus

The equipment used in the test is pictured in Figure 3. It includes two IDIIOM display
consoles, incorporating cath-jde ray display tubes driven by a Vaiian 620. f-100 general-purpose
parallel operation digital computer with 3K of memory space. The test facility's data input
equipment included a card reader and two magnetic tape units. A teletype was used to insert
cnnrn np,,t comman ,.n" 2nd- 3 St,*tsc 31 ;,r-.tnr ,icttnr --,J| nt.n¢! thn tninb,na fr rnnrrl;nn

output data.

The Ss' console enclosed a high-speed Dualflec display using a 21-inch by 15 inch
rectangular cathode-ray tube (CRT) featuring a bonded, etched faceplte to reduce reflections,
and a neutral-density filter to enhance contrast. Its control circuits allowed a 14-rnicr ,sF.:ond
random positioning time, as wei: as small angle positioning within three microseconds. The
high-speed Curviline character generator was capable of writing 96 different characte., at
10.microseconds per character.

13
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Fig. 3. Test equipment.

The characters presented in the present experiment measured 5/16-inch wide by 3/8 inch
high. The sty!e of numerals available on the CRTs was constructed from lines which form a
matrix pattern (seven segments and nine strokes). These numbers (Figure 4) were easily
distinguishable from each other, once the corners of the matrix pattern were rounded to enhance
the numeral's appearance. A series of measurements compared the luminances of the displayed
numerals and adjacent blank spaces on the CRT screen. The contrast ratio was calcuiated as the
difference between character and background luminances, divided by character luminance, or
0.133. These measurements thus showed that character luminance averaged 7.5 times thebackground luminance.

For responses, a special keyboird was interfaced with the IDIIOM's keyboard register.
Pressing one of the keys generated an it,,errupt and transmitted it to the computer, togetherwfth
the number of the key pressed. This keyboard, closely rese| bling the familiar Touch-Tone
telephnnp keyhord, was mounted fn a stand measurinn "."k+ ;""c" ... a-d n-nk :n^hes d,
sloping down toward the front at a 100 angle (Figure 5). The distance between key centers was
.75 inch. To the left of the button assembly there was a rectangular-shaped "ready" key.

The ambient illumination was restricted to approximately 15 foot candles.

14



Fig. 4. Sample display of eight-digit number, illustrating number style.
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The experimenter's console (Figure 6) showed both the number that was displayed to the S
and his responses. A functional keyboard enabled the experimenter to control the program. By
observing this display and a TV picture of the S's behavior, the experimenter monitored the S's
behavior constantly.

AZ. ;. -F.. I

Fig. 6. Experimenter's console, displaying
stimulus number and subject's response.

As pictured (Figure 3), the Ss sat in front of a CRT console and its Touch-Tone keyboard.
When a number was shown on the CRT, the S entered it into the keyboard. The numbers, varying
in length, appeared on the screen either simultaneou;ly or sequentially for the predetermined
amount of time. The simultaneous mode (SIM) displayed all of the digits comprising the number
at once; the complete number appeared on the screen for the entire exposure time. In the
sequential mode (SEQ), however, the number's digits appeared singly, one after the other; when a
new digit appeared, the old one disappaared. Each digit nevertheless took the same position it
would have had if all digits were shown at the same time. In either mode, the digits appeared in a
rectangular frame measuring 1 5-inches by 2-inches. Regardless of length, the numbers were
justified to the right margin of the frame.
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Besides varying the display mode (SIM vs. SEQ), the mriin eyperiment treated two other

independent variables: exposure time, and number length. There were three number
lengths-four, six, and eight digits-with each number comprising random digits and no digit
occurring more than once in a number. And there were thrr' exposure times: 100, 500, and 1000
msec. Each possible combination of these variables occurred ten times, but with different
numbers. In all, then, there were 2 x 3 x 3 x 10, or 180 trials.

Each of the 22 Ss was tested on these 180 trials. The set of test numbers, embodying all
three lengths of numbers, were prepared in advance, arranged in random order, and stored in the
computer's memory. The combinations of test variables were presented to each S in the same
order.

For each trial, the computer stored the number which had been displayed, the S's keyboard
entry, his response times, and any errors he made. Upon finishing his response, the S immediately
pressed a "Ready" key which blanked the display for 1.5 seconds and then called up the next
number to be displayed. However, if the S had not begun keying within five seconds, or if his
response had not been completed after 15 seconds, the comp:uter program woukd automaticaily
have advanced to present the next number i i the series. The irogram aiso included an automatic
stop after each 60 trials, to give the S a short L reak.

Each S was given 10-15 trials for training and practice before the test proper began. The Ss
were instructed to respond as quickly as they could, to ignore any errors they might realize they
had made, ard to press the "Ready" button as soon as they had finished keying.

RESULTS

The Ss' performance has been evaluated roughly by simply totalling their errors under the
different test conditions. Here, an error was scored unless the complete keyed number was
identical to the stimulus number presented; any discrepancy made tile entire response incorrect.

With these error scores as performance criteria, the results show statistically significant
superiority for the combination of short numbers and long exposure time, as opposed to long
numbers and short exposure times.

In addition, the simultaneous mode allowed far better performance under the different
conditions than the sequential mode did. This finding held true for all exposure times and
number lengths. From examining the errors made within each condition, some interactions
between the variables also became evident (Figure 7).

01--,_,,,= criietia, however, reiiect a more dietaled I)Icture of tile Ss' performance. A more

sensitive index of their information-transfer behavior is the relative criterion-numbe of digits
keyed correctly. By absolute right-or-wrong standards, a S who viewed eight digits but entered
only six of them correctly scored one error. However, the abel "error" here does not allow us to
distinguishan S who entered six digits correctly from one who failed to enter any digit correctly.
To provide finer graduations of measurement, we may again express the number of digits keyed
correctly as a percentage of the total number of digits displayed, then the S who entered six
digits correctly scored 75 percent, while the S who did not enter anv correctly scored 0 percent.
These relative performance indices (Figure 8) permit quantitative, rather than purely qualitative,
evaluation of the S's work output.

17



co

Il./ V, xv I A ! v 1

Lv 6/ /V -a
a ? ? a y a

I v vx
60 I'

VE

Aj1  x XX XX 0

v v 0

ri-i

C.

x x0 ) v xU

0 X0 1 )C X X x x x 0

0I a)L.0

0
0 x// // x /X

1 x~lxx /X/X;, / a/

V E
XV A 2,

w u'4.-

0 £* 00

V VV O V 'v v

0 0) ~ Ir- (D 10 ' U)rrT -

S8i08 tI3

18



XI

1 9, CD

V V v V .C

VI/ V / v , V A IV

(nn

x X-,)0
Z,2g~0 xFX X X x x x

z 0.

0 ~ ~ ~ LC ?1 06 0m 6 x~~; i L

9,9



In terms of relative criterid, or percentage of digits correct, Ss performed best with four-digit
numbers, shown for 500 msec. in the simultdneous mode; they keyed 94.4 percent of the digits
correctly. When four-digit numbers were shown tor twice as long (1000 rnsec.), the Ss transferred
them nearly as effectively-with 93.9 percent accuracy. The difference between pertormance
with 500-msec. and 1000-msec. exposure times is not significant at the .05 level. Under these
conditions, apparently, 500-msec. is a long-enough exposure to transfer most four-digit numbers;
lengthening the exposure does not improve transfer.

In the sequentiai mode, when displaying four-digit numbers for 1000 msec.-that is,
displaying each digit, in order, for 250 msec.-Ss do almost as well, reproducing as many as 88.7
percent of the digits correctly. Because the percentage of digits correct is somewhat lower than
for either of the simultaneous cases above, it would appear that sequential presentation requires
-,ightly longer (perhaps 300 msec.) exposures to transfer information equally well.

In summary, these results indicate that short numbers (four dinits) and long exposure times
'500 and 1000 msec.) minimize transfer errors.

When the amount of information to be transferred was increased, transfer deteriorated
-"ruptlv and markedly; with six-digit numbers, shown simultaneously for 1000 msec., keyed
digits were only 76.5 percent correct. This level of performance was comparable to that achieved
wher. transferring four digits shown simultaneously for onl, 00 msec. (74.2 percent), or when
trei-sferring four digits shown sequentially for 500 msec. (74.4 oercent). These combinations of
conditions seem to ba'ance out the effects of exposure times, display modes, and number lengths
so we can speculate about their interrelationships. With a four-digit number, shown
simultaneously for 100 msec. as the standard, lengthening the number to six digits requires much
longer exposure for equally effective transfer; displaying half-again as much information calls for
ten times as much exposure. On the other hand, showing the number sequentially, instead of
simultaneously, takes five times the exposure for the same transfer effectiveness. Obviously, both
number length and display mode have important effects on this performance, and these effects
are seen consistently throughout the data.

With the same exposure time 100 msec.-Ss performed about as well with six digits shown
simultaneously (48.0 percent) as with four digits shown sequentially (43.3 percent). Similarly,
with 500-msec. exposures, Ss transferred eight-digit numbers shown simultaneously (48.7
percent) approximately as accurately a, six-digit numbers shown sequentially (44.5 percent). Or,
at the 1000-msec. exposure time, Ss transferred eight-digit numbers shown simultaneously (53.2
percent) almost as correctly as six-digit numbers shown seiuentiallv (58.4 percent). Presenting
digits sequentially, rather than simultaneously, seems to cost a penalty equivalent to transferring
two extra digits.

As it turned out, Ss were unable to transfer numbers effectively when more than six digits
(i.e., eight) were presented in the sequential mode. This generalization proved true even for the
lo~igesL exp[ure uimle used inI zte pruesent PA. ellnl uenui, with' uii-digli niuinben,, ihe Sh wtere dbie
to key only about 25 to 30 percent of the digits disrlayed. This accuracy is very similar to that
achieved with four digits disnlayed simultaneously for 100 msec. (29.4 percent). Hence the
decreased accuracy with longer numbers seems attributable to too-short exposures.

1 As a matter of fact, exposing eight digits sequentially during 1000 msec. means showing each

individual digit for only 125 msec.
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Differences in number length are clearly related to differences in performance under all of
the test conditions" except one. The Ss reached their poorest transfer accuracy when numbers
were displayed sequentially for only 100 msec. While there were still important differences, the
generally lower performance level tended to mask them. An analysis of variance has been
calculated for the relative performance data (Table 2). Although there was considerable variation
within individuals, which is not unexpected for this kind of task, there werc also highly
significant differences attributable to the independent variables.

TAB L.E 2

Analysis of Variance: Relative Performance

Sum of Mean
So,,.ce Squares df Square F

Between Modes 31,249.8 i 31,249.8 160.5''

Between Number Lcngths 119,808.7 2 59.904.4 308.6'

Between Exposure Times 39,847.2 2 19,923.6 ;I2.6

Medes X Number Lengths 84.8 2 42.4

Modes X Exposure Times 1,726.5 2 863.2 4.4"

Number Lengths X
Exposure Times 4,030.9 4 1,007.7 5.1"

Modes X Number Lengths X
Exposure Times 6,187.6 4 1,546.7 7.9"

Within 73,393. 378 194.1

Total 276,328.8 395

"Significant at .01 level.
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The two dsp'dy modes proved to have more pervasive effects (Table 3) than dia the
differing exposurg times. The coefficients of determination for these independent variables are
nmod = .37, ant next = .33. The analysis of variance also revealed a significant two-way
interaction betwe,:;n the display-mode and exposure-time main variables, as well as a significant
higher-order inter.,ction among all three independent variables. The interaction between modes
and number length was not statistically significant, although it suggests a clear-cut trend.

TABLE 3

Relative Performance for Keying Task: Differences
Between Simultaneous and Sequential Modes

Number of Digits

Exposure Time 4 6 8

1000-msec. 5.2% 18.1% 21.4%

500-msec. 20.0% 28.8% 23.0NoZ

100-msec. 30.8% 8.3% 5.0%

Absolute Versus Relative Performance

Table 4 compares the absolute and relative performance criteria.

Differences between the two performance modes seem to show how the independent
variables affect transfer performance. Small differences between the absclute and relative
percer.ages indicate very effective transfer. For example, small differences are typical of the
relatively "easy" and undemanding conditions, such as showing short numbers for long exposures
in the simultaneous mode. In these cases, most of the numbers displayed were keyed completeiv
correctly, and a high percentage of the digits were keyed correcty in all cases.

Larger differences between absolute and relative criteria may still represent effective
performance, but they reveal overloading; the operator was unable 'o prmcebs the an6=i.t of
informatic,- presented. While he may have entered the majority of digits correctly, he also made
mistakes, "iwre appears to be a threshold amount of information which can be transferred
without app-eci3ble error; as the information load increases beyond this threshold, relative-error
percentages in,.rease somewhat, and absolute-error percentages increase even more.
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Substantial differences between absolute and relative percentage criteria occurred primarily
with the longer numbers, longer exposure times, and simultaneous display. Similar, though
smaller, differences appeared even when six-digit numbers were displayed for 100 msec.
simultaneously, or for any exposure time sequentially, When six-digit numbers were shown
simultaneously for 500 msec., the Ss gave 72.5 percent correct digits, but only 40 percent of the
complete numbers were entirely correct. This finding would seem to show that the overload
threshold lies at about four digits for 500-msec. and 1000-msec. exposure times. In support of
this conclusion, data for the longes, simultaneous exposure times demonstrate that longer
numbers were totally correct only 8 percent of the time in one case, and never correct at all in
other cases. Yet under these same conditions, respectively, 53.2 percent and 48.7 percent of the
individual digits were correct.

A similar trend appeared when six.digit numbers were displav,'d senuentially. With long
exposures, Ss entered numbers totally correctly on!,' about half of the time-and far less often
when the exposure was shorter. Under these conditions the limit of transfer capacity seems to be
somewhere between three and four digits.

In terms of all these findings, it ;s not surprising that differences between -elative and
absolute scores ire greatest when six digits are displayed sequentially, regardless of exposure
times (Conditions 8, 10, and 12). The Ss were simply unable to enter all six digits correctly;
consequently the percentages of completely correct responses were very low. Nevertheless, the Ss
were able to enter some three or four of the displayed digits, so their relative percentages were
higher.

So far as response strategy is concerned, when an eight-digit number was displayed
simultaneously, the Ss seemed to concentrate their attention on its first four digits-thus
effectively doubling the exposure times for these digits. Rather t!han attempting to read eight
digits in 100 msec., they used this same time to read only four of tie digits, either singly or in
groups-- and possibly devoted sorne pa-t of the exposure time to rehearsing the numbers they had
read.

This strategy could not be used with the sequential mode. If a six-digit number was shown
for 100 msec., the Ss had just 16.7 msec. to read each digit. Even when the six-digit numbers
were shown for 500 msec., Ss had only 83.3 msec. to read each digit before it vanished
inexorably. These very short exposure times may explain why Ss did about as well when looking
at six digits sequentially, as with the seemingly more demanding task of reading eiga- t digits
shown simultaneously.

On the other hand, the eight.cdgit numbers shown simultaneously may have proved so
difficult because, even though Ss probably concentrated mostly on the first three or four digits,
they were unable to cope with the remaining digits and tended to be confused by them.

As compared to both of these two conditions-six digits sequentially, and eight digits
simultaneously-Ss performed significantly better with six digits displayed simultaneously. This
result would necessarily follow if Ss concentrated their attention on the four initial digits,
because there would be fewer remaining, unprocessable digits to contuse them; it would become
easier to locate the digits which would actually be transferred. Simply put, the Ss evidently found
it easier to ignore two digits out of six than to mentally discard four digits out of eight. The real
advantage of narrowing or focussing attention in this way is probably that it allows the S to
double (or at least increase) each digit's effective exposure time. By restricting himself to the
number )f digits he has learned he can manage correctly, the S transfers information more
effectivety.
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Rabbit (1968) has suggested another explanation of why longer numbers become so
difficult to transfer. The secret of transferring numbers correctly, according to Rabbit, is that Ss
must learn to shift their attention between analyzing new information and rehearsing the digits
that have already been stored. While highly practiced Ss can and do learn to perform these
attention shifts, it appears unlikely that the Ss used here had achieved equal mastery of this skill.
When the task was difficult and demanding, as when transferring eight-digit numbers, attempts to
perceive new inf3rmation probably interfered with rehearsing the stored digits that had already
been perceived. With both six- and eight-digit numbers shown sim'iltaneously, the group of Ss
gave comparatively large standard deviations. These seem to arise from sizable differences
between individuals, probably rooted in the use of different strategies and especially in varying
mastery of the attention shifts required.

Visual Response Times

We have already distinguished a component of the total keying time that is called v~sua!
response time, or "preparation time." It is the interval between when the display is first shown
dnd when the S makes his first keying response. These visual response times (VRT), given in
Table 5 shows three particularly important consequences:

1. Longer numbers give longer VRTs.

2. Longer exposure times also give longer VRTs.

3. VRTs for simult2neous and sequential modes do not differ significantly.

The visual response times were examined in an analysis of variance using log-transformed
data (Table 6). In substance, it gave statistical verification of the three consequences mentioned
above. It was demonstrated that visual response times for the two modes did not differ
significantly. Both longer numbers and longer exposure times increased visual response tims
significantly (.01 level), but the effect of longer exposures was somewhat more pronounced.

Onily one interaction-between modes and number lengths-reached significance at the .1)5level. However, there also appeared to be some interaction between modes and exposure times,
although it was not statistically significant.

These visual response data (Figure 9) show that sequential presentation does not facilitate
information transfer. If presenting the digits singly had actually made it easier to transfer
numbers, the sequential mode should have given faster visual response times. While visual
response times were somewhat faster with sequential presentation, the modes had no statistically
significant effect on visual response times.

Variojs data also indicate that mental processing intervened between displaying a number to
the S and his keying it. Both the data and the experimenter's observations during the test support
the hypothesis that Ss encode stimuli acoustically even during simple transfer tasks. Most of the
Ss repeated the disp'ayed numbers aloud before (or while) entering them in the keyboard.

With longer exposure times, Ss evidently spend more time in rehearsing or otherwise
preparing the messages. Thus they appeared to take advantage of the higher redundancy made
possible by longer exposures. When Ss took more "preparation" time before starting to key longnumbers, it may have been because they needed longer to select ,,id perceive the first three or
four digits. This additional information processing would logically require at ieast slightly more
visual response time.
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TABLE 5

Visual Response Times (Msec.) for Keying Task

ExIosure Time 4-digit 6-digit 8-digit 4-digit 6-digit 8-digit

1000-msec. 1920 2630 2770 241(0 2600 2590

500-msec. 1950 2220 2440 2210 2270 2330

100-msec. 1880 2230 2270 2030 2090 2170

TABLE 6

Analysis of Variance: Visual Response Times

Slim of Mean
Source Souares df Snuare F

Between Modes 0.01 1 0.01 0.16

Between Number Lengths 1.40 2 0.70 11.66"

Between Exposure Tumes 1.68 2 0.84 14.00 °

Modes X Number Lengths 0.49 2 0.25 4.16 °

ModesX Exposure Times 0.23 2 0.12 2.00

Number Lengths X
Exposure Times 0.41 4 0.10 1.66

Modes X Number Lengths
X Exoosure Times 0.18 4 0.05 0.83

Within 23.50 378 0.06

Total 27.90 395

Significant at the .05 level.
'Significant at the .01 level.
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It seems noteworthy that visual response times were slightly longer for four digits than for
six digits, even though both numbers were displayed sequentially. One possible interpretation is
that Ss may have felt four-digit numbers were still within their capability to transfer, but that
six-digit numbers were too long; if so, the Ss may have devoted more conscientious effort to the
four digit numbers, slighting the six-digit numbers as an unreasonable overload. This occurred
only with the sequential mode. Therefore it probably accounts for the significant interaction
between modes and number lengths.

Manual Response Time

Another component of total response time is the manual response time, which means the
time between when the S keys his first digit and when he finishes entering the number. These
manual response times, or overall keying times, are presented in Table 7 and Figure 10. They
appear generally consistent with the other results considered thus far. Three major conclusions
seem indicated

1. Manual response times are longer with simultaneous presentation than with
s, luential presentati.n.

2. Long- numbers give longer manual response times.

3. Longei exposure time-; also give longer manua! response times.

TABLE 7

Manual Resnonse Times (Msec.) for Keying Task

.... SimuLtani= i Seg uent ial

Exposure Time 4-digit 6-digit 8.digit 4-digit 6-digit 8-digit

1000-msec. 1880 2840 3250 1960 2490 2530

500.msec. 1700 2610 2490 1880 2130 1950

100-msec. 1910 2090 2270 1710 2070 2190
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In an analysis of variance using log-transformed data (Table 8), all three of these differences
proved significant at the .01 level. Number lengths produced the largest effect on manual
response times, modes were of less importance, and exposure times were still less important.
Unlike the previous analysis of variance, none of the interactions reached statistical significance.

TABLE 8

Analysis of Variance: Manual Response Times
(Log-Transformed Data)

Sum of Mean

Source Squares df Square F

Between Modes 1.67 1 1.67 12.84.

Retween Number Lengths 4.19 2 2.09 16.07 °

Between Exposure Times 2.79 2 1.39 10.69*"

Modes X Number Lengths 0.29 2 0.14 1.07

Modes X Exposure Times 0.12 2 0.06 0.46

Number Lengths X
EX posure Times 0.83 4 0.21 1.61

Modes X Number Lengths
X Exposure Times 0.59 4 0.14 1.07

Within 50.96 378 0.13

Total 61.44 395

* Significant at the .01 level.
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Contrary to these general relationships, manual respons,: tim,,s for ft,ur digit numbers w-r:,
shorter in the sequential node. This effect is evidently an trtifict caused by iico, nilete
responses-that is, fewer keys to press when four digits were shown se(iuentidlly. This effect
appears characteristic of test conditions which overloaded the Ss and degraded their trinsfue
performance. Under conditions where the Ss performed relativelv well for example, four digits
exposed for 500 or 1000 msec.-manual response times were longer (not shorter) f.or the
sequf -tial mode. Thus, manual response times support the edrlif.r ooservatin that simultaneous
presentation gives superior transfer to sequentiai presentation.

There is a close, obvious relationship between manual resnonse time and relativ
performance. An absolute measure like keying time necessarily increases when more resoonses
must be keyed: if longer exposure times allow Ss to transfer more digits, they conseruentl\',
prolong manual response times.

Error Categories

The Ss' keying errors were analyzed to determine the types of eiors they made. Based on
earlier investigations of number transfer (Conrad, 1965, Murray, 1965), there appear to be six
main kinds of errors:

1. A cutting error (CUT) means the S l.eyed it the (.orrect digits in the correct ;irder, .;s
far as he went, but omitted the final di( it(s)

2. The inversion type error (INV) includes all thos, V'N'.rs where the (;rde of two on
more digits was changed (inverted).

3. The skip error (SKP) refers to errors where the S omitte" ire -r n,,re digits -if thl,
number (except the last one).

4. A substitution error (SUB) is scored when an S has substiluted on inccr-ect (clgit(s)
for the digit(s) Pctually disp!ayed that is, when he keys any ',ther digit than the one which v,,s
shown.

5. Adding errors (ADD) refer to -iding one -r more digits to a number.

6. Multiple errors (MPL) were scored when the S qa]ve .ny coinhn,.t i" '!,f fi, ,
types of error described above.

All of the Ss' errors have been analvzed, tabulated, dnd totalled by categories, as sh'ow' in
Tao e 9, Figures 11, 12, and 13.

By far the greatest number of errors occurred in the CUT category. This typ)e of erl i
increases in proportion to the relative performance criteria. Such a findn||g is consiswnt with, ,.o
theory that, as test conditions become more difficult, the Ss concentrate their ttiv,' m)n Jnf,
amount of information they can deal with, thus ormmitting cutting err *rs hy orr01Ttt'g (in,,l
digits.

The multiole-type error (MPL) occuis mos-11v when knger numbers 1,rt' exlposd f(r
extremely short times, as when eight digits are exposed simultaneously for 100 msec It is
particularly characteristic of the sequential mode when longer numbers were presentd fonr any 4;f
the exposure times tested.
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There seems to be only one reasonable explanation for this effect: the exposure times (12.5,
60.3, and 125 msec. per digit) were simply too short, so Ss were unable to transfer accurately
about half the time.

Intere:tingly, the number of cutting errors almost equalled the multiple errors. This seems
to show that Ss were able, about half of the time, to follow the strategy of concentrating on the
first four characters in longer numbers. Under these difficult conditions, their behavior on the
other half of the trials must have been more or less unorganized, relying on guessing or applying
sequences from earlier messages. Multiple errors may then be attributed to this breakdown of an
organized approach-inability to maintain an organized strategy.

Next in frequency were the skipping (SKP) and substitution (SUB) errors. Under both
modes, and almost independent of exposure times, these two types of errors occur relatively
often with four-digit numbers. These errors appear to be related, and both types seem to indicate
that the Ss are still attempting to maintain their transfer strategy. Despite their errors, the Ss
were relatively successful in coping with short numbers. Although their performance tends to be
stable, the test conditions apparently imposed strong-enough stress to confuse their strategy,
producing comparable nuw~bers if skipping and substitution errors.

Inversion-type errors are much less frequent than skips and substitutions, but all three types
of errors characterize Ss who are fighting to transfer numbers effectively under adverse
conditions.

Since inversions are the only errors that test whether digits are keyed in the correct order,
inversions typify performance that is relatively well organized, yet not perfectly correct. The
relative rarity of inversions in the present experiment may be interpreted in two conflicting ways.
Few inversions may mean that urder is considerably more resistant to disruption than content
is. On the other hand, the small number of scorable inversions may simpl,, arise because incorrect
content makes it impossible to detect and label inversions.

There were very few adding errors (ADD). Nevertheless, a few idding errors did occur with
short numbers in both display modes. Sir ce these errors represent a L.,rtain amount Cf confusion
in transferring even comparatively short, .asy messages, they may have arisen from incompletely
organized response strategies.

Evaluation in Terms of Information Theory

The transfer process can be seen from still another viewpoint. Applying concepts from
information theory, the human operator may be considered as a communication channel Thus
the transfer task involves two interfaces with this human communication channel: input, or the.... " ..... "'-' S- -':--''I Olt; u"ly t as. si: ' vand G;t t ,,hc cionst~tutas the S' S 'ey -rig res.porses.

If information is lost at either interface, the output will be in error. The two terminals of the
transfer operation are the information source, which is the display, and the destination, which is
the keyboard.

In this case, increasing the number length corresponds to increasing the amount of
information which must be transferred, As input information increases, the individual would be
expected to try to cope with the increase. But constantl., increasing inputs would soon reach a
limit, beyond which further increments wodd cause the Ss to make more and more errors. There
would be a discrepancy between the input to the human receiver and the output from the
receiver, arid tiis discrepancy would grow larger and larger. Ir terms of information theory, this
!;mit is analogous to the channe! capacity of the human communication system.
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Changing the time for which information was exposed at the source would probably
produce a similar effect.

We may now define the relation between amount of information presented and length of
presentation as the input rate. The input rate, then, depands on how much information is
presented, and for how long. The human communication channel does not have infinite capacity;
its maximum input rate is clearly limited in any real situation (Table 10). Presenting input
information at faster rates than the channel can process means information will be lost and the
output will contain errors.

TABLE 10

Qualitative Output: Average Number of Correct Digits

Simultaneous S ggential _.

Exposure T;me 4-cigit 6-digit 8-digit 4-digit 6-digit 8-digit

1000-msec. 3.8 4.6 4.3 3.6 3.5 2.5

500-msec. 3.8 4.3 3.9 3.0 2.7 2.1

100-msec. 3.0 2.9 2.4 1.7 2.4 2.0

To clarify this discussion, consider the experimental task in informational terms. Since only
the ten numerais were displayed, and each was equalli likei' to appear, information theory
demonstrates that each digit represented 3.3 bits of info, mation. Numbers of the same length
always contain the same amount of information. With simultaneous display, the Ss were able to
transfer an average of 13.2 bits, virtually regardless of how much input information there was
(Figure 14). One might then generalize that, when people transfer purely numerical information,
their channel capacity lies around 13 bits. This, however, was true only with suffic;ent Inng
exposure times. When the experiment attempted to transfer information at higher input rates, the
Ss actually transferred an average of 9.9 bits or less (Figure 15).

A.h.ugh. , we kno w that iw simuitaneous ano senuential modes gave considerably different
outputs, both modes presented the same amount of input information as defined ;n strictly
informational terms. The difference evidently lies in what G. A. Miller's (1956) almcst classical
paper calls "chunks:' Miller describes a recoding t)rocess in which Ss organize or g'oul. 'the input
information into familiar units or chunks." The immediate memory then 1;tures these recoded
chunks of information which, according to Miller, may contain varying iimbers of bits per
chunk. Sequential presentation seemingly interferes with recoding by forcing Ss to treat each
digit as a separate chunk, thus drastically curtailing the numher of bits per c.;unk. On the other
hand, simultaneous presentation allows more ooportunity for Ss to organize or recode
information. It uses chunks more efficiently by incorporating more bitc of information per
chunk, so it improves transfer performance,
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CONCLUSIONS

This experiment has verified previous investgators' hypotheses that information-transfer
performance depends mainly on the amount of information that must be transferred. It has also
extended .he applicability of findings about short term memory-for examp!e, Levy's (1971)
demonstration that storage rate depends on speed of presenting data- by showing that the speed
of data presentation has essentially similar effects on ihort-term memory and transfer tasks.

Two transfer responses were measured: reciting, in the pilot study, and keying, in the main
experiment. Comparisons of performance show that transfer :s more effective when Ss merely
recite the numbers. Even untrained Ss could recite numbers much faster than keying them. Since
keying is slivver, and thus requires Ss to store numbers long., it is not surprising that keying
performance is less accurate. Even the smallest delays in transferring numbers make subjects more
dependent on memory mechanisms which are strongly affected by time. Prolonging responses,
even by seemingly trivial moments, can produce large and disproportionate degradation because
the storage process is so seiisitive to time.

Under the prevailing test conditions, the simultineous mode transferred information more
- ;curately than the sequential mode. The mati, advar tage of the simultaneous mode seems to be
allowing Ss some control over redundancy. With simultaneous presentation, the S can use the
total exposure time to look at as many (or as few) digits as he wishes, in whatever order he
prefers, he can even re-read digit , The Ss did not traisfer numbers -s accurately with sequential
presentation. Findings in the literature indicate that less-trained Ss key symbols -ndividuall%.,
rather than grouping them- and data from the pilot study revealed that Ss speak numbers as
single dcigits yt presenting characters seouentially is (learly not advantageous. It would appear
that these choices to deal with single symbols are a constraint that Ss place on their output, but
which is not consistent with nor favorable for--their input and storage processes.

The simultaneous mode leaves more latitude for the Ss to adopt individualized strategies.
Thus, the S is free to develop more skilled transfer strategies, rather than being impeded by tile
externally imposed requirements of a presentation mode.

Within these strategies, "chunk building" seems to play an important role. To use ^heir
individual capacities better, Ss tend to divide messages into practical psychological units called
c:iunks." These units probbbly vary in size, depending on the individual's capacity and level of

training, as well as personal factors like the ones seen in tie pilot study, where Ss grouped digits
quite individualistically when reciting them. These considerations indicate that, whenevr an
operator acquires informa.'on, lie must "p)rocess" it, even if only by grouping digits. It is ouite
possible that 0iis processing overlapped other activities under the tcst conditions, thus allowing
Ss to take better advantage of redundancy in the simultaneous mode.

As compared to results of earlier studies, this experiment z.grees that the short-term memory
for non redundant numbers can accommodate between three and four digits. Such a finding is
also very plausible theoretically, and particularly in ,istanc~s where the three or four digits given
correctly are the first digits of a longer number.
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Various findings in the literature suggest that the first digits of longer numbers are usually
stronger in memory than later ones. Since it takes time to key numbers, there is also a differential
delay; the Ss must key the first digits, which are easier to retrieve anyway, before they can begin
keying later digits. Both factors-weaker initial memory trace and differential delay- would make
it more difficult to transfer the final digits of longer numbers. Indeed, Conrad and Hull (1968)
have demonstrated that errors ;n recalling seven digit numbers mostly afflict the last four digits.

The r~sults of this experiment suggest that there are two main sources of errors in transfer
tasks:

1. Inadequate perceptual or storage capability.

2. Incidental factors which delay the response and prolong storage requirements.

Conrad (1966) describes this second error source as insufficient stimulus-response
compatibility. It lengthens response times, as well as increasing errors, in the present experiment,
time and errors were intimately related, so both would probably have been affected.
!ncompatible stimuli and responses can only increase the storage time that will be required, thus
complicating what would have been a simple transfer task by requiring memory. lnevitabl ,
performance deteriorates. Quite a variety of experiments agree that slowing the report rate
degrades performance considerably. Difficulties in making responses can also distract the S, by
forcing the S to divert part of his attention to an essentially unrelated, secondary task,
incompatible responses reduce the resources available for transferring numbers. Previous research
has established that recall is highly sensitive to interference from secondary tasks. Even if the
perception itself were not effected, interference and other "noise" can obviously disturb the S's
rehearsal.

There is little reason to suspect that Ss operated the wrong keys unintentionally, there were
probably only occasional errors due to poor aiming. The strongest ir,dication here is that the Ss'
errors appear unrelated to effector processes. The errors seem to arise ;,om percepti'-n and
storage processes, as the classification of errors by categories has shown. The present experiment
did not provide any kind of feedback nor any way for Ss to correct responses. Both of these
features should be considered when designing actual equipment, since it is known that
incorporating them usually improves performance.

Under the conditions of this test, it seems perfectly clear that the subjects performed batter
with simultaneous displays than with sequential ones. Still, certain findings suggest that the
sequential mode might have advanta(les uider different conditions. More specifically, future
experiments should investigate whether sequential displays with different exposure times and
grouping numbers according to several chunking methods would give better transfer.

Short-term memory experiments have found that simultaneous auditory and visual
presentations can imorove performance. This finding may uli he true for transfer tasks as well,
and future research should investigate whether audio displays or combination audio' ,deo
displays wculd give better transfer.

Since short term memory tends to become involved in transfer, particularly with longer
numbers, another way to enhance transfer is reducing demands nn storage. For example, Levy et
al. (1971) reported that the human memory stores numerals more effect:ely than letters. While
this effect may arise from different vocabulary sizes- that is, fewer nurr oers than letters- future
transfer experiments should determine whether a mixed alphar-umeri( vocabulary would give
faster or more accurate transfer.
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